Introduction

24
Caseins are pleiotropic proteins with an original and continuing function in biomineralisation 25 and a better-known function as nutritional proteins. Recent research has revealed functions of 26 the casein micelle relating to the needs of the mother rather than the neonate. In particular, 27 the sequestration of calcium phosphate in a thermodynamically stable complex with caseins 28 allows milk to be stored in the mammary gland without causing benign ectopic or 29 pathological calcification in the cisternae or ducts of the gland (Holt & Carver, 2012 purpose, the caseins are required to have clusters of phosphorylated residues and a disordered 36 conformation but they must also have sticky sequences so that they can form clots or a gel in 37 the stomach of the neonate. The sticky sequences in two of the individual bovine caseins 38 contain certain smaller sub-sequences that are able to form amyloid fibrils at a rate that is 39 facilitated by the disordered conformation of the whole protein (Leonil, et to produce the amorphous casein micelle. That casein genes affect three seemingly distinct 43 phenotypic traits is not anomalous because the phenomenon of pleiotropism is common and 44 forms a central concept in developmental biology (Hodgkin, 1998; Liberles, Tisdell, & 45 Aoki, 2002) . In the formation of calcium phosphate nanoclusters using pure phosphopeptides, 265 thermodynamically stable complexes have only been observed if n  3 (Holt, et al., 1996 ; 266 Holt, et al., 1998; Little & Holt, 2004) . Nevertheless, in mixtures of caseins or casein and 267 osteopontin phosphopeptides, smaller clusters of n = 2 appear to enter the sequestering shell 268 of peptides provided larger cluster sizes are also present (Clegg & Holt, 2009; Holt, et al., 269 2009). The theory of amorphous calcium phosphate sequestration by phosphopeptides has 270 been developed using the term "phosphate centre", defined as a short sequence containing 271 three or more phosphorylated residues. Ideally, this simplifying concept, although it has been 272 very useful, will be replaced one day by a theory that accounts explicitly for the effects of the 273 phosphate cluster size distribution. In eight eutherian species for which casein composition is 274 well-enough established, the average number of phosphate centres per average mole of 275 caseins has been calculated and shown to vary only within close bounds (Holt & Carver, 276 2012) . If confirmed for a broader range of species it would indicate that the main factor in the 277 interspecific variation of sequestered calcium and phosphate concentrations is the 278 concentration of casein rather than its composition or the number and distribution of potential 279 sites of phosphorylation. 280
When the data in Figure 4 are examined as a whole, it is clear that while there are differences 281 in the average cluster size and number of clusters among the groups, the distributions overlap 282 considerably, blurring the boundaries between caseins in their ability to sequester amorphous 283 calcium phosphate. 284
Conservation of casein polar tracts
285
All the sequences in the sample contain at least one casein polar tract (coloured green in 286
Supplementary Data S2-S6) and in the  S2 -casein orthologues and in the rabbit and rat  S2 -287 casein B sequences there are two because of an intragenic duplication (Stewart, et al., 1987) . 288
This level of conservation is second only to the conservation of the signal peptide sequences 289 in caseins. The variation in the lengths of the polar tracts has been investigated by dividing 290 the sequences into the same 4 groups used in the phosphorylation site cluster analysis. 291
Among the four groups there are clear differences in the average lengths of the casein polar 292 tract sequences with only limited overlaps in the number distribution histograms ( Figure 5) . 293
For example, the average number of residues in polar tract sequences in the 4 groups are 294 57.7512.76 in  S1 -caseins), 40.932.30 and 40.792.08 in the  S2 -like caseins, 88.685.20 295 13 in the -caeins and 170.4328.62 in the -caseins. Thus, the -casein orthologues contain up 296 to approximately twice as many residues in polar tract sequences as in all other casein types. 297
Occurrence of amyloid zipper sequences in caseins
298
There is a limited amount of evidence that amyloid protofibrils are part of the structure of 299 bovine casein micelles (Lencki, 2007) . Casein sequences were therefore examined to see 300 whether predicted amyloid zipper sequences are conserved, as they would be if the 301 protofibrils are important for casein micelle formation. Amyloid zipper predictions are 302 abundant in the casein polar tract sequences (Holt & Carver, 2012) sequences. This is illustrated in Figure 6 for the -caseins where the predicted amyloid zipper 313 sequences are highlighted blue in the multiple sequence alignment. 314 The complete absence of experimental evidence of amyloid fibril formation in non-bovine 315 caseins is not evidence of absence. It is important to gather more data to help explain why 316 potentially cytotoxic, amyloid-forming sequences, are tolerated in a vital food. 317
Condensation of casein polar tracts and casein micelle structure
318
Casein micelles have been found in all milks so far examined but a striking conclusion from 319 interspecific studies (Martin, et al., 2013 ) is that they can be made in a large number of 320 distinct ways using a mixture of different caseins in variable proportions. 321
The quality of the solvent and its structure in the solvation sheath around the backbone are The arguments for using the term "casein polar tract" rather than "hydrophobic tail" to 331 describe the P,Q-rich casein sequences were set out previously . The 332 finding that caseins act on each other to control amyloid fibril formation and micelle size and 333 act on a broad range of denatured globular proteins to limit their aggregation is one of the 334 strongest arguments that the interactions have a low sequence specificity and are therefore 335 mainly backbone-to-backbone. 336
Casein polar tracts contain many Pro residues which favour the PP-II conformation, prevent 337 -strands from forming and inhibit amyloid structures. In salivary Pro-rich proteins, the side 338 whether the interaction has a significant contribution from the hydrophobic effect. Pro 356 residues are not classified as hydrophobic because they hold tightly onto their solvating water 357 molecules, partly because the backbone carbonyl is a good hydrogen bond acceptor (Theillet, 358 et al., 2013) . As a result, the presence of Pro residues in polar tracts restricts the condensation 359 process so that they form water-rich structures such as gels, mucus and slimes (Williamson, 360 1994 ). The water-rich matrix of casein micelles may not be fully homogeneous. Between 361 most of the Pro residues in caseins are short, conventional polar tract sequences, on average 362 Irrespective of whether any particular structure is an artefact, as some undoubtedly are, a 383 generalisation can be made from these various observations which is that the structure of the 384 casein micelle is both fragile and dynamic and its internal structure can be perturbed in a 385 16 variety of different ways so that internal fluctuations in matrix density become more or less 386 important. 387
An intrinsically disordered protein can be described by its average size and shape. However expressed casein genes so that they bind to each other and form the casein micelle. The 515 content of essential amino acids has remained at a low level, probably because higher levels 516 would be incompatible with the unfolded conformation needed for caseins to form a 517 thermodynamically stable complex with amorphous calcium phosphate. The casein micelle is 518 a fragile and dynamic structure which can therefore be represented better by an ensemble of 519 interconverting states than by an average state. 520 
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Multiple Sequence alignments
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